1. Introduction {#sec1}
===============

Methamphetamine hydrochloride (METH) is the second most widely abused illicit drug in the world. METH increases the release of dopamine, which induces neurotoxic responses in the human brain. These neurotoxic responses can lead to neural damage and cellular apoptosis.[@r1]^,^[@r2] METH abuse results in neurotoxic damage to dopaminergic nerve terminals and leads to cellular degeneration and cell death.[@r3]^,^[@r4] Since METH is a cationic lipophilic molecule, it can diffuse through the cellular membrane to the mitochondria, resulting in the perturbation of normal mitochondrial function and the induction of mitochondrial toxicity.[@r4]^,^[@r5] This creates a buildup of positively charged molecules within the mitochondria, interfering with the electrochemical gradient established by the electron transport chain. This electrochemical gradient is necessary for adenosine triphosphate (ATP) synthesis and mitochondrial membranes.[@r6] These functions are essential for cell survival, and failure in these functions initiates signaling cascade, which results in cell death. To assess mitochondrial dysfunction in cells, investigators quantify the cells' ability to produce ATP in response to energy demands.[@r7] The underlying mechanisms by which METH infiltrates the neural pathways remain enigmatic.

Recent studies have shown that acute and chronic METH use leads to neurotoxicity in the brain, which further deteriorates into neural damage, including morphological abnormalities.[@r8][@r9]^--^[@r10] Since glia cells are the resident macrophages, they respond to central nervous system (CNS) injury. Studies have shown that macrophage population significantly decreases after METH exposure.[@r11]^,^[@r12] We hypothesize that METH affects mitochondria-dependent pathways resulting in neuronal apoptosis.

Apoptosis is, morphologically and biochemically, a form of cell death, often in response to physiological and pathological circumstances.[@r13]^,^[@r14] Response to drug stimuli can cause neuronal apoptosis, leading to neurocognitive disorders that may progress to neurological diseases like dementia and Alzheimer's disease.[@r15] METH treatment causes DNA fragmentation and dysfunction in the nigrostriatum in the brain.[@r13]^,^[@r16][@r17]^--^[@r18] The striatum is a basal ganglia nucleus that controls the motor execution and motor inhibition,[@r19] and regulates reward-oriented behavior.[@r20] The basal ganglia receive excitatory signals from the prefrontal cortex. Imbalance in these brain regions can cause severe irreversible alterations. This can lead to a cascade of effects that ultimately cause CNS cytotoxicity and neuronal dysfunction. Cell volume loss is a morphological hallmark of cell death, and apoptotic cell volume decrease is associated with programmed cell death.[@r21][@r22]^--^[@r23] To quantify cell volume changes, we used two label-free imaging approaches, Nanolive three-dimensional (3-D) Cell Explorer and DHM, measuring cell volume post-METH treatment on C6 rat glia cultures. We also attempted to describe the effect of METH-induced apoptosis in C6 glial cells.

The light absorption of cells is too low to generate sufficient amplitude changes in the transmitted light. This makes it difficult to visualize cells and their structure under a light microscope without a system to enhance optical contrast. One solution to this is to introduce dyes as markers, isolating specific molecules, such as proteins. There are various techniques to label cells, such as immunolabeling using antibodies[@r24]^,^[@r25] and intracellular injections of fluorescent molecules.[@r26] Immunolabeled samples need to be fixed first, typically with paraformaldehyde, which preserves the cells, but they are no longer metabolically active. In addition, immunolabeling can lead to phototoxicity of the cells or photobleaching under the illumination of a microscope.[@r27]^,^[@r28] Phototoxicity is the generation of reactive oxygen species (ROS) that may have adverse effects on the cell physiology, resulting in cell impairment.[@r29] It is challenging to directly visualize the intracellular events leading to apoptosis in real time.[@r30] To avoid the limitations associated with cell fixation and traditional immunolabeling techniques, we can use the refractive index (RI) of cells to enhance an image contrast.[@r28]

The 3-D tomographic imaging employs a label-free technique for investigating biological samples on the nanometer scale.[@r31]^,^[@r32] The microscope can visualize 3-D structures by detecting spatial changes in RI, thus rendering staining unnecessary in various biological samples.[@r33] After a series of holograms is collected by the hardware, high-resolution images of each plane are created by computer processing, and quantitative digital staining is performed. The digital stain is based on two parameters: the RI and the index gradient (IG) (e.g., low RI and high gradient are typical for membrane structures). This technique provides 3-D cell imaging in real time, allowing monitoring of morphological changes during apoptosis.

Digital holographic microscopy (DHM) is a phase-contrast imaging technique, which measures the effects of a sample on the laser light passing through it. Similar to the Zernike phase contrast microscopy, DHM can be used to visualize phase objects. These objects appear transparent, but they produce a distinguishable shift in the phase of a coherent light source.[@r34] DHM can be used to measure changes in cellular volume associated with cellular apoptosis, such as absolute cell volume and cell death, in real time,[@r35][@r36]^--^[@r37] making this technique suitable for sensitive measurement of cellular events.[@r38] DHM is based on interferometry. It can, therefore, detect optical path length variation with nanometer accuracy. This is often employed to investigate the thickness and the RI of cells.[@r39]^,^[@r40]

A standard DHM setup consists of a coherent illumination source that propagates through (or is reflected from) the sample, producing an interference pattern captured by a CCD camera. From the interference pattern, the sample image can be reconstructed using an appropriate computer algorithm. The illumination source is typically a laser, such as He--Ne, diode, argon, or sapphire femtosecond lasers.[@r41]^,^[@r42] DHM provides direct access to the quantitative phase, which can be used to map the changes in the optical path length.[@r43] From the known index of refraction, the optical path length is then converted to the physical thickness of the sample, providing the height of the sample: $$h(x,y) = \frac{\lambda}{2\pi}\frac{\phi(x,y)}{n - n_{0}},$$where $\lambda$ is the wavelength of the laser, $n$ is the RI of the sample, $n_{0}$ is the RI of the surrounding media, and $\phi$ is the phase map obtained from the holographic reconstruction of the wavefront.

DHM is an efficient, easy-to-operate, noninvasive phase-contrast microscopy technique capable of imaging transparent samples, such as living cell cultures. DHM provides the quantitative spatial distribution of the optical path lengths created by transparent specimens. This quantitative distribution contains information concerning both morphology and RI of the observed sample. In addition, the high sensitivity of these phase-shift measurements allows one to achieve subwavelength axial accuracy.[@r44] Since the creation and capture of an interference pattern requires the light of low intensity, the sample is free from photodamage. Thus, DHM is a label-free imaging technique capable of distinguishing cellular morphological changes.[@r38]

In order to investigate the structural changes in cell tissues, which accompany the morphological changes monitored by DHM, we applied Raman spectroscopy, a technique commonly used to provide a spectral fingerprint by which molecules can be identified. This technique relies on inelastic, or Raman, scattering, first discovered by Raman and Krishnan in 1928.[@r45] Raman scattering is generated by a laser, typically a diode-pumped single-longitudinal mode laser, directed onto the cell. The difference in energy between the incident and scattered photons corresponds to the energy required to excite a particular molecular vibration. Detection of these scattered photons produces a Raman spectrum, consisting of different bands that correspond to the vibrational frequencies of different functional groups.[@r46]^,^[@r47] Raman spectroscopy is a routine application in the field of biochemistry, providing information about cells and tissues; it can also be a diagnostic tool in clinical studies.[@r48]^,^[@r49] For example, Raman spectra can differentiate between viable and nonviable tissue constructs.[@r50]^,^[@r51] Raman spectroscopy can also be used to image bone tissue.[@r52][@r53]^--^[@r54]

Raman spectrometry can detect changes in cellular cultures and is commonly implemented to study the growth, death, chemical changes, etc., within cell cultures in real time. Spectral changes provide information about cell cycle progression, as they represent changes in protein, nucleic acid, and lipids content.[@r55]

In this study, we evaluated cellular apoptosis in live CNS rat glia cells (C6) using noninvasive, marker-free imaging techniques. We employed two-phase imaging modalities to measure apoptotic volume decrease (APD)in cells. In addition, we digitally stained for mitochondria and quantified the mitochondria volume loss. Raman spectroscopy was used to monitor the chemical changes during apoptosis.

2. Experimental Methods {#sec2}
=======================

2.1. Administered Substances {#sec2.1}
----------------------------

Doxorubicin hydrochloride (DOX), a chemotherapy drug known to induce apoptosis, was obtained from Sigma (Cat. No. 44583). DOX targets rapidly dividing cells and inserts between adjunct nucleotides, disrupting DNA synthesis and transcription, and triggering an apoptotic cascade. DOX was used as a positive control in all our experiments. It was administered at a concentration of $1\text{  }\mu M$ in the cellular growth medium. All cytotoxic evaluation studies using doxorubicin range between 1 and $2\text{  }\mu M$.[@r56]^,^[@r57]

METH was obtained from Sigma (Cat. No. M8750, St. Louis, Massahusetts) and dissolved in RNase/DNase-free water at a concentration of 10 mg/ml and used in our cell culture experiments at a concentration of $100\text{  }\mu M$. It has been demonstrated that a single METH injection rapidly and reversibly decreases the activity of the dopamine transporter.[@r58]^,^[@r59] Thus, to investigate the acute effects of methamphetamine on C6 glia cells, we used a range of methamphetamine concentration from 10 to $100\text{  }\mu M$, similar to what were used previously.[@r58] Typically, *in vitro* studies that evaluate acute METH effects or single-dose administration use methamphetamine concentration ranging from 10 to $100\text{  }\mu M$. When glia were treated with $10\text{  }\mu M$ dose of METH, we did not observe any significant changes in mitochondrial respiration and glycolytic activity, however, when glia were treated with a $100\text{  }\mu M$ dose of METH, we observed consistent and significant changes in apoptotic genes and protein expression, as well as greater mitochondrial respiration and glycolytic activity, indicating convergence of oxidative stress, neuroinflammatory responses, and mitochondrial dysfunction at that dose of METH. We, therefore, used the $100\text{  }\mu M$ METH dose for all other experiments in our study.[@r22]

2.2. C6 Glial Cell Cultures {#sec2.2}
---------------------------

Cultured rat C6 glial cells were purchased from ATCC (Cat\# ATCC CCL-107). About 60,000 cells/ml were seeded onto a 35-mm glass bottom imaging dish provided by Idibi (Cat\# 81218-200) in Dulbecco's modified Eagle medium (DMEM) nutrient mixture F-12 media from Thermo Fisher (Cat\# DMEM/F-12) supplemented with 10% fetal bovine serum (FBS), and were treated with with DOX ($1\text{  }\mu M$) or METH ($100\text{  }\mu M$). Cell volume was measured using Nanolive 3-D Cell Explorer and DHM system.

2.3. Nanolive 3-D Cell Explorer Measurements {#sec2.3}
--------------------------------------------

We transferred C6 glial cells from the incubator to the top-stage incubator of the Nanolive 3-D Cell Explorer when they were ready to be imaged. Cells were grown to $\sim 70\%$ confluence, to have enough cells within the field-of-view and still be able to image individual cells. The cells were maintained at 37°C, 5% ${CO}_{2}$ to 95% $O_{2}$ and 95% humidity during image acquisition. We acquired z-stack images on Nanolive 3-D Cell Explorer (Nanolive, San Francisco) with a $60 \times$ air objective (numerical aperture = 0.8). Z-stack images were stored at a resolution of $512 \times 512 \times 96$ ($94\text{  }\mu m \times 94\text{  }\mu m \times 0.36\text{  }\mu m$). We could typically image 10 to 15 individual cells within the field-of-view of the microscope.

The stage included a thermal controller, a carbogen mixer, a humidity module, and a chamber for the 35-mm glass-bottom dish. The stage produced and maintained a vertical temperature gradient to reduce condensation on the glass cover of the environmental chamber and kept the cells in a controlled environment while imaging live cells.

Nanolive 3-D Cell Explorer generated a series of holograms at different angles, which were then used to create a 3-D cell image. The raw data displayed the spatial distribution of the RI as a 96-image z-stack in grayscale at 2 frames per second (fps).[@r31]

The digital staining was done by selecting the range of values of RI and refractive IG, which were then displayed as a 3-D map. Parameters were chosen to isolate a specific part of the cell, corresponding to specific cell bodies, such as cytoplasm. The microscope collected a vertical stack of images (z-stack), which was used to evaluate the volume of the cell. In the z-stack, we measured the number of pixels for each digitally stained channel using an image processing software (Fiji---<https://fiji.sc/>). The stack files were segmented using the segmentation editor and reconstructed as a series of 40 stacks, in preparation for volume analysis. To evaluate the cell volume, acquired data were exported as image stack files and analyzed using Fiji. Volume data were computed by counting the number of all digitally stained pixels within a region of interest. Three different regions at each time point were analyzed.

2.4. Digital Holographic Microscopy {#sec2.4}
-----------------------------------

[Figure 1](#f1){ref-type="fig"} shows our DHM setup. The beam from a He--Ne laser (633 nm) traveled through a microscope objective and a plano-convex lens $L_{1}$. As the laser beam exited the plano-convex lens, it was collimated and had a large cross-sectional area. Lens $L_{2\text{  }}$ focused the beam on the back focal plane of the microscope objectives ${OBJ}_{1}$ and ${OBJ}_{2}$. The beamsplitter $B_{1}$ separated the beam into the reference and object arms. The reference beam traveled to a plane mirror $M_{1}$, where it was reflected to the microscope objective ${OBJ}_{1}$ and into second beamsplitter $B_{2}$, recombining with the object beam. Plane mirror $M_{2}$ directed the object beam through the cell culture sample maintained in an environmental chamber (ibidi Nanolive heating system/temperature controller/gas incubation system), mounted on a 3-D translation stage. ${OBJ}_{2}$ was used to form an image on the CCD camera.

![Transmission DHM setup. The 633-nm laser beam travels through a microscope objective and lens $L_{1}$ generating a collimated beam. Lens $L_{1}$ focuses the beam on the back focal plane of the microscope objectives ${OBJ}_{1}$ and ${OBJ}_{2}$. Beamsplitter $B_{1}$ splits the beam into the reference and object arms. The reference beam travels to a plane mirror $M_{1}$, where it is reflected to ${OBJ}_{1}$ and into $B_{2}$, recombining with the object beam. The object beam travels to $M_{2}$, where it is directed through the cell culture sample maintained in an environmental chamber (ibidi Nanolive heating system/temperature controller/gas incubation system), mounted on a 3-D translation stage.](JBO-024-046503-g001){#f1}

We calculated the total cell volume by summing the values of all pixels within the field-of-view, after the background subtraction and adjustment for the RI using Eq. (1). We were able to image $\sim 450$ individual cells within the field-of-view of the microscope.

Cell cultures were taken from the incubator, the media was changed, and the cells were placed in the environmental chamber with regulated 5% ${CO}_{2}$ to 95% $O_{2}$ (carbogen) gas, the temperature of 37°C, and 95% humidity for 3 h. The first set of experiments was done to evaluate the apoptotic effects of doxorubicin (DOX), which served as a control. C6 cells were treated with a dose of DOX ($1\text{  }\mu M$), and the cell volume was measured using DHM in 10-min intervals. Similarly, the second set of experiments was done to evaluate the apoptotic effect of METH on C6 glial cells, which were treated with $100\text{-}\mu M$ METH.

2.5. Raman Spectroscopy {#sec2.5}
-----------------------

Raman spectra were acquired by a commercial microspectroscope (HORIBA XploRA PLUS). This Raman spectrometer was equipped with a $1024 \times 256$ TE air cooled CCD chip (pixel size: $26\text{  }\mu m$, temperature: $- 60{^\circ}C$). HORIBA's LabSpec6 software was used for data acquisition, fluorescent background removal, baseline correction, and peak fitting. The excitation wavelength was 785 nm. Entrance slit of $50\text{  }\mu m$ produced an approximate spectral resolution of $4\text{  }{cm}^{- 1}$.

Cells were grown on a quartz substrate to minimize the effects of fluorescence. Each substrate with cells was kept in the incubator until it was used for measurements. The measurements were done at several time points after the cell treatment. For each of the time points, three measurements of three accumulations of 60 s each were acquired.

3. Results {#sec3}
==========

We evaluated the apoptotic effects of DOX, which served as a control. C6 cells were treated with a dose of DOX ($1\text{  }\mu M$), and the cell volume was measured using Nanolive 3-D Cell Explorer in 10-min intervals \[[Fig. 2(a)](#f2){ref-type="fig"}\]. We digitally stained the cells (in red). Parameters of RI and IG were kept consistent when staining ($\text{mean} \pm {SEM}$; RI: $1.3400 \pm 0.0003$, IG: $0.01000 \pm 0.0005$). When cells were treated with DOX, a significant decrease in cell volume was observed within 30 min \[[Fig. 2(b)](#f2){ref-type="fig"}\]. Cell volume continued to decrease with time. After 120 min, the cells began to detach from the glass substrates, which made further volume measurements unreliable. By that time, the cell volume decreased to 40% of the original volume. We studied the effects of DOX treatment in the mitochondria and found that the mitochondrial volume decreased significantly \[$t = 0\text{  }\min$: 100%, $t = 120\text{  }\min$: $10.92 \pm 6.52\%$, $**p = 0.005$; [Fig. 3(a)](#f3){ref-type="fig"}\]. We digitally stained for the mitochondria, setting the parameters for RI and IG \[RI: $1.3400 \pm 0.0004$, IG: $0.016 \pm 0.004$; [Fig. 3(b)](#f3){ref-type="fig"}\].

![Cell volume data of C6 glia cells treated with DOX. (a) Images of cells after digital staining, starting at $t = 0\text{  }\min$ in 30-min intervals. (b) Apoptotic volume changes.](JBO-024-046503-g002){#f2}

![Mitochondria volume data of C6 glia cells treated with DOX. (a) The region of interest of digitally stained mitochondria, starting at $t = 0\text{  }\min$. Zoomed regions I, II, and III are shown. (b) Mitochondria volume changes from initial to final time, $**p = 0.0053$.](JBO-024-046503-g003){#f3}

The second experiment was done to evaluate the apoptotic effect of METH on C6 glial cells \[[Fig. 4(a)](#f4){ref-type="fig"}\]. The cells were treated with $100\text{-}\mu M$ METH. A substantial decrease in cell volume was observed within 50 min after METH treatment. By that time, the cell volume fell below 70% of the original volume \[[Fig. 4(b)](#f4){ref-type="fig"}\]. In addition, we studied the effects of METH treatment in the mitochondria, where we observed a significant decrease in volume \[$t = 0$: 100%, $t = 120$: $9 \pm 9\%$, $*p = 0.038$; [Fig. 5(a)](#f5){ref-type="fig"}\]. The digital staining was applied to the mitochondria shown on the first panel, and these parameters were kept for the remaining images for the duration of the experiment \[RI: $1.33000 \pm 0.00005$; IG: $0.00300 \pm 0.00008$; [Fig. 5(b)](#f5){ref-type="fig"}\]. Similar to what we found in DOX-treated cells, the overall mitochondria volume decreased significantly post-METH treatment.

![Cell volume data of C6 glia cells treated with METH. (a) Images of cells after digital staining at $t = 0\text{  }\min$ in 30-min intervals. (b) Apoptotic volume changes.](JBO-024-046503-g004){#f4}

![Mitochondria volume data of C6 glia cells treated with METH. (a) The region of interest of digitally stained mitochondria, starting at $t = 0\text{  }\min$. Zoomed regions I, II, and III are shown. (b) Mitochondria volume changes from initial to final time, $*p = 0.038$.](JBO-024-046503-g005){#f5}

Our DHM experiments were done on the cultured cells ($\sim 5000$ cells) that were placed in an environmental chamber. [Figure 6](#f6){ref-type="fig"} shows the percent volume changes in C6 cells as a result of APD. In the case of DOX-induced apoptosis, a substantial decrease in cell volume was observed within 40 min after DOX treatment. Cellular volume continued to decrease with time. After 150 min, the cells were detaching from the glass bottom dish they were kept in, which made further volume measurements unreliable. By that time, the cell volumes decreased to 40% of the original volume. For METH-induced apoptosis, after 200 min, cell culture volume decreased to 60% of its original value. (The difference between Nanolive cytoplasm volume measurements and DHM measurements are likely due to the difference in the number of cells that were imaged.)

![Apoptotic C6 cell culture volume measurements by DHM. The left panel shows the cell culture treated with DOX ($1\text{  }\mu M$), and the right panel shows the cell culture treated with METH ($100\text{  }\mu M$) at various time points after the administering of each drug. The color bar denotes the phase range of 0 to $2\pi$.](JBO-024-046503-g006){#f6}

[Figure 7](#f7){ref-type="fig"} shows typical Raman spectra obtained from the cell cultures at various stages of apoptosis. For these measurements, two sets of four Petri dishes with cells were treated simultaneously either with $1\text{-}\mu M$ DOX or $100\text{-}\mu M$ METH. Later, each dish was removed from the incubator and placed on the sample stage of Raman microspectroscope, so that C6 spectra were collected at several time points ($t = 0\text{  }\min$, $t = 50\text{  }\min$, $t = 100\text{  }\min$, and $t = 150\text{  }\min$ after the induction of apoptosis). For comparison, untreated control cell cultures spectra taken 200 min apart were also acquired.

![Raman spectra obtained from cell cultures at various stages of METH-induced apoptosis. Spectra were collected at different time points ($t = 0\text{  }\min$, $t = 50\text{  }\min$, $t = 100\text{  }\min$ and $t = 150\text{  }\min$ post METH treatment). Spectra for the untreated controls were taken 200 min apart. The spectra were background subtracted and the peaks were fitted.](JBO-024-046503-g007){#f7}

The spectra were background subtracted, and the peaks at 1003, 1092, 1155, 1340, 1447, and $1655\text{  }{cm}^{- 1}$, which are indicative of molecular vibrations in lipids, nucleic acid, and proteins,[@r60] were fitted. Since in our previous work,[@r61] the intensity of phenylalanine peak at $1003\text{  }{cm}^{- 1}$ remained approximately the same through the experiments, this peak was used for normalization.

The intensities of phenylalanine-normalized peaks at 1092, 1155, 1340, 1447, and $1655\text{  }{cm}^{- 1}$ for DOX- and METH-induced apoptosis are shown in [Figs. 8](#f8){ref-type="fig"} and [9](#f9){ref-type="fig"}, respectively. In the DOX-induced apoptotic cell culture, the peak at $1155\text{  }{cm}^{- 1}$ (C--C and C--N stretch of proteins) initially increased in intensity. At the last time point ($t = 150\text{  }\min$), the intensity decreased. In the cell culture treated with METH, however, the intensity of this peak decreased from the start. The peaks at $1447\text{  }{cm}^{- 1}$ (${CH}_{2}$ bending mode of proteins) and $1661\text{  }{cm}^{- 1}$ (amide I peak) also showed similar behavior (initial increase in intensity followed by a significant drop in DOX, consistent decrease in METH treatment cases). The intensity of DNA (polynucleotide chain) peak at $1340\text{  }{cm}^{- 1}$ has shown initial growth followed by reduction of intensity in both cultures. These results seem to indicate that the breakdown of DNA occurred at an earlier stage in METH-induced apoptosis compared to the DOX-induced one. The behavior of the peak at $1092\text{  }{cm}^{- 1}$ (O--P--O stretch of nucleic acids in DNA) followed a similar pattern: initial growth followed by a reduction in DOX and decreasing intensity in METH.

![Intensities of characteristic Raman peaks for DOX-induced apoptotic and control cell cultures. The phenylalanine peak at $1003\text{  }{cm}^{- 1}$ was used for normalizing peaks at 1092, 1155, 1340, 1447, and $1655\text{  }{cm}^{- 1}$ (peaks: $1092\text{  }{cm}^{- 1}$ \*\*$p = 0.001$, $1340\text{  }{cm}^{- 1}$ \*\*$p = 0.0014$, $1447\text{  }{cm}^{- 1}$ \*\*$p = 0.0067$ and $1655\text{  }{cm}^{- 1}$ \*$p = 0.012$; differences are considered significant at $p < 0.05$ (\*$p < 0.05$; \*\*$p < 0.01$; \*\*\*$p < 0.001$).](JBO-024-046503-g008){#f8}

![Intensities of characteristic Raman peaks for METH-induced apoptotic and control cell cultures. The phenylalanine peak at $1003\text{  }{cm}^{- 1}$ was used for normalizing peaks at 1092, 1340, 1447, and $1655\text{  }{cm}^{- 1}$ (peaks: $1092\text{  }{cm}^{- 1}$ \*$p = 0.037$, $1155\text{  }{cm}^{- 1}$ \*\*\*\*$p < 0.0001$, $1340\text{  }{cm}^{- 1}$ \*\*\*$p = 0.0006$ and $1655\text{  }{cm}^{- 1}$ \*$p = 0.012$).](JBO-024-046503-g009){#f9}

4. Discussion {#sec4}
=============

In this work, the changes in cell volume and mitochondrial volume of C6 glial cells undergoing apoptosis were monitored by DHM and tomographic phase microscopy, while the chemical changes within these cells were studied by Raman spectroscopy. Glial cells exposed to METH exhibited a significant decrease in cell volume, a primary characteristic of apoptosis, which was clearly seen within 40 min post-treatment. Tomographic phase microscopy with the attached environmental chamber allowed accurate measurements of cell volume for a few cells on the nanoscale in real-time.[@r31]

Our time-course experiments showed that rat C6 glial cell cultures had a cell body loss when treated with either DOX or METH. Recent studies have shown that cellular oxidative stress and mitochondrial dysfunction indicate distinct region-specific cell death signaling events.[@r62] DOX is a widely used chemotherapeutic agent, which induces apoptosis or cell death via a variety of regulatory mechanisms. The main anticancer action of DOX is believed to involve DNA damage through topoisomerase II inhibition and free-radical generation by a redox reaction. In our study, we used DOX as a positive control. DOX is a known apoptosis inducer, and there are several potential mechanisms of apoptosis induction, so we would anticipate that the cell volume decreases in DOX are higher than those observed with METH. One of the mechanisms of neurotoxicity of METH is the generation of ROS, which then triggers mitochondrial membrane permeability, also called mitochondrial permeability transition (MPT), which is a central co-ordination event in the apoptotic process. MPT causes the release of cytochrome c from mitochondria; cytochrome c then activates effector caspases to induce DNA ladder formation. DOX treatment results in $H_{2}O_{2}$ generation, leading to the MPT increase, and activates effector caspases to induce apoptosis. Increased drug concentrations may trigger multiple apoptotic mechanisms in the cells. Thus, the observed cell volume change can be attributed primarily to the mechanisms which are triggered and drive the apoptosis process.

Our results for mitochondrial volume showed that a decrease in volume of C6 glial cells started about $t = 50\text{  }\min$ post either DOX ($10\text{  }\mu M$) or METH ($100\text{  }\mu M$) treatment, and continued to decrease to minimum detection levels by $t = 120\text{  }\min$ for DOX \[[Fig. 3(c)](#f3){ref-type="fig"}\] and $t = 160\text{  }\min$ for METH \[[Fig. 4(c)](#f4){ref-type="fig"}\], respectively. The decrease in mitochondria volume may be attributed to DOX-/METH-induced osmotic swelling and release of lysosomal enzymatic contents into the cytoplasm, triggering a cascade of apoptotic signaling events, which facilitate the relocalization of "cathepsin D" to the cytosol, creating an oxidative environment conducive to a shift toward cell death via activation of mitochondria dependent, caspase-dependent cell signaling events.[@r63] The mitochondria volume change was not a monotonic decrease but showed fluctuations. This volume at the intermediate time-points also showed higher measurement uncertainties, so it was not clear if these fluctuations were indeed present. The increased uncertainties can be due to the small sample size, or perhaps imperfect digital staining of the cells. This subject requires further study.

Nanolive 3-D Cell Explorer had a $60 \times$ air objective, restricting the field-of-view to $85\text{  }\mu m \times 85\text{  }\mu m \times 0.30\text{  }\mu m$. Since large magnification reduced the field-of-view, we were limited in the number of cells that could be observed at a time. This could be one of the reasons for the observed difference in the rate of cell volume decrease between Nanolive and DHM volume measurements for METH-treated samples. It would have required $\sim 50$ times more Nanolive image frames to monitor the same number of cells as DHM. The absolute value of the index of refraction ($n = 1.33$) reported by Nanolive measurements was slightly lower than expected and what was reported previously.[@r37] The difference is, however, within the uncertainty of the index of refraction measurements of the microscope.

Digital staining allowed us to monitor the changes in the volume of glia and observe a significant decrease for both DOX- and METH-treated cultures, separately from the overall volume decrease of the cells. It is worth noting, too, that the overall volume decrease is likely not just due to apoptosis. In the DHM measurements, some of the cells may instead undergo necrosis and/or separate from the substrate, and therefore, their volume will not be counted in the overall volume measurements at the subsequent time points.

An advantage of Nanolive system is that it allowed the monitoring of both the indices of refraction and the cell volume, while DHM generally measures optical thickness, and therefore cannot provide the index of refraction and physical thickness of the sample at the same time. We have, therefore, used the values of the index of refraction obtained from Nanolive measurements in our DHM measurements of cell volume.

DHM with the attached environmental chamber permitted accurate measurements of cell volume for several hundred cells simultaneously, in real time, over the course of the experiment. DHM was used to quantify the effect of METH on cell volume in real time. Our results showed that there was a 40% reduction in cell volume after 150 min, demonstrating that METH induced death in glia cells. We also used Nanolive 3-D Cell Explorer to quantify the effects of METH on cell and mitochondria volumes in real time. By measuring the cell volume of a small number of cells, we produced more detailed nanoscale images.

The same environmental chamber that we deployed with DHM could not, unfortunately, be used for Raman measurements, because the material of the chamber (plastic) was strongly fluorescent under the laser excitation wavelength, making the detection of Raman signal impossible. Therefore, multiple cell samples had to be prepared and removed from an incubator one at a time at each time point to collect its Raman spectrum. Once the sample was out of the incubator, the data had to be collected immediately. The removal of fluorescent background from the petri dish presented another challenge since many of the Raman peaks we were monitoring were partially overlapping with other peaks (see [Fig. 6](#f6){ref-type="fig"}).

Also, it is worth noting that there were some differences in the intensities of Raman peaks between different cell culture dishes, such as the difference between the same peak intensities for control cells in [Figs. 8](#f8){ref-type="fig"} and [9](#f9){ref-type="fig"}. In order to be able to do the experiment at the various time points, these cell samples were grown separately, which likely resulted in the sample--sample variation in their Raman spectra.

In the DOX-induced apoptotic cell culture, the peak at $1155\text{  }{cm}^{- 1}$ (C--C and C--N stretch of proteins) initially increased in intensity, presumably because of the accumulation of proteins and progression of nuclear condensation.[@r64] At the last time point, $t = 150\text{  }\min$, when the cells were dying, the intensity decreased, which likely pointed to the breakdown of proteins. In the cell culture treated with METH, however, the intensity of this peak began decreasing soon after $t = 0\text{  }\min$. This may mean that in METH-induced apoptosis, the breakdown of proteins begins earlier.

Our Raman data indicated that the chemical changes in proteins preceded morphological changes detected by the DHM. Despite the fact that volume changes in DOX-induced apoptosis occurred earlier than in METH, we have observed that protein and DNA degradation occurred at the earlier stages in METH-induced apoptosis. This implied that in addition to apoptosis, METH induced other biochemical changes in CNS cells. Of future interest is to evaluate the effects of a range of METH concentrations, in order to determine if there is a certain threshold value of the METH concentration at which cells progress from controlled cell death (apoptosis) to uncontrolled necrosis.

5. Conclusion {#sec5}
=============

We used Nanolive 3-D Cell Explorer and DHM imaging techniques for noninvasive, real-time monitoring of morphological changes in live cells during apoptosis. Both modalities allowed simultaneous visualization of multiple cells. DHM offered several advantages over Nanolive 3-D Cell Explorer, such as its ability to image larger groups of cells (a few hundred) at a time and very fast data acquisition. Meanwhile, Raman spectroscopy was employed to detect chemical changes the cells undergo during apoptosis.

In the future, we plan to collect Raman data differently: the cells will be continuously monitored in the custom-built environmental chamber, similar to the one used in DHM and Nanolive experiments, but free from fluorescent materials. We will be able to follow the same culture for the entire duration of the experiment and monitor Raman peak changes in real time.

Based on the results of this study, it is clear that apoptosis is a well-orchestrated process, which consists of an organized series of events, including both chemical and morphological cell changes, that results in programmed cell death. This study also emphasized that Nanolive 3-D Cell Explorer, DHM, and Raman spectroscopy are imaging tools that can be utilized for noninvasive, real-time, simultaneous monitoring of morphological and chemical changes in cells during apoptosis and could also be applied to monitoring of other dynamic cell processes. Our study provided detailed, time-resolved information about METH-induced damage to brain cells that can be utilized in the search for METH addiction treatment options.
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